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a  b  s  t  r  a  c  t
Gas  permeation  of alumina  powder  compacts  with  different  porosity,  pore  size  and  grain  size  was  exam-
ined at  room  temperature  for Ar, N2, H2 and  CO2 gases.  The  ﬂux  of Ar, N2 and  CO2 gases  with  Knudsen
numbers  of 0.4–1.3  was measured  above  a  threshold  pressure  difference  between  inlet  and  outlet  gases,
and  then  linearly  increased  with  an increase  in applied  pressure.  The  H2 gas  with  Knudsen  numbers  of
1.1–2.6  showed  a  relatively  large  ﬂux  at near  0 MPa/m  of  pressure  gradient  and  increased  linearly  with
an  increase  in the  pressure  gradient.  The  measured  gas  permeability  coefﬁcients  for  Ar, N2 and  CO2 gases
were  the same  order  as  the  calculated  permeability  coefﬁcients  based  on  the  modiﬁed  Poiseuille  equa-
tion  (viscous  ﬂow)  and  Knudsen  ﬂow  equation,  suggesting  the  mixed  ﬂow  mechanisms.  The  slope  oforous powder compact
lumina
oiseuille equation
ﬂux–pressure  gradient  plot  for H2 gas  permeation  was  also  in agreement  with  the  calculated  permeabil-
ity  coefﬁcients  by the  modiﬁed  Poiseuille  equation.  The  H2 gas  ﬂow  near  0 MPa/m  of  pressure  gradient
was  characterized  by  surface  diffusion  of  H2 molecules  adsorbed  on  the  pore  walls  of alumina  compacts.
It  is  possible  to  separate  H2 gas  from  the  other gases  at  room  temperature  in the  pressure  gradient  range
lower  than the  threshold  pressure  for N2, Ar  or CO2 gas.
©  2013  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.
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g. Introduction
Porous ceramics have been used for various applications such
s heat insulators, ﬁlters, gas separation membranes, catalyst sup-
orts and electrodes of solid oxide fuel cells because of their high
eat resistance, excellent chemical compatibility and high mechan-
cal properties. Our group has studied electrochemical cells with
orous electrodes and porous electrolyte to produce H2 fuel [1–3]
rom biogas (mixed gas of CH4 and CO2) or to decompose CO2 and
O gases [4]. In the electrochemical cell, reduction and oxidation
f the supplied gas occur separately at cathode and anode, respec-
ively, and all the produced gases are transported from the cathode
hrough the porous electrolyte to the anode. Then, the gas perme-
bility is one of the important properties for such electrochemical
eactions.∗ Corresponding author. Tel.: +81 99 285 8325; fax: +81 99 257 4742.
E-mail address: hirata@apc.kagoshima-u.ac.jp (Y. Hirata).
eer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
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roduction and hosting by Elsevier B.V. All rights reserved.
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wRecently, we  clariﬁed that the compressive strength of a porous
lumina compact is increased by an increase in grain boundary
rea while the open porosity is maintained [5]. This type of strong
icrostructure of a porous ceramics is also expected to possess a
igh gas permeability, because the permeability is dominated by
ollowing factors as expressed in the modiﬁed Poiseuille equation
6–8]:
 = r
2εP¯
8RT
P1 − P2
L
(1)
here J is the mole ﬂux of permeated gas, r, ε, and L are the pore
adius, open porosity and thickness of a porous media, respectively.
 is the gas constant, T the absolute temperature,  and P¯  are the vis-
osity of gas and the average gas pressure (P¯ = (P1 + P2)/2) of inlet
as (P1) and outlet gas (P2), respectively. The gas ﬂow regime is
enerally classiﬁed as follows using the Knudsen number (Kn = /r,
here  and r are the molecular mean free path and the pore
adius, respectively) [9]: (1) viscous ﬂow at Kn < 0.01, (2) slip ﬂow
t 0.01 < Kn < 0.1, (3) transition ﬂow at 0.1 < Kn < 10 and (4) Knud-
en ﬂow at Kn > 10. The Poiseuille equation describes the viscous
ow regime. On the other hand, the mole ﬂux of gas molecules in
nudsen ﬂow is expressed by Eq. (2):
 = 2rc¯ P1 − P2 (2)
3RT L
here c¯ is the average molecular velocity [7,8].
In this study, the gas permeability of porous alumina compacts
as examined with Ar, N2, CO2 and H2 gases and the measured
n Ceramic Societies 1 (2013) 368–373 369
p
u
(
s
m
p
g
o
a
s
a
T
r
o
m
i
a
s
r
p
a
a
t
c
a
c
2
2
w
p
c
p
m
g
a
m
a
i
a
t
f
A
r
c
t
c
l
r
p
o
e
b
w
1
w
M
ﬁ
H
s
C
Table 1
Relative density, porosity and thickness of sintered alumina compacts.
Suspension pH
pH 3 pH 5 pH 10
AKP-50 (median size 310 nm)
Open porosity (%) 35.1 41.6 44.5
Closed porosity (%) 1.1 1.3 0.9
Relative density (%) 63.8 57.1 54.6
Thickness (mm)  3.0 3.0 3.0
AKP-30 (median size 420 nm)
Open porosity (%) 36.5 39.2 45.1
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ermeability coefﬁcients were compared with the theoretical val-
es by the modiﬁed Poiseuille equation (Eq. (1)) and Knudsen ﬂow
Eq. (2)) to discuss the gas permeation mechanisms. The analy-
is of the obtained results clariﬁed that (1) the dependence of
ole ﬂux of the permeated gas on pressure gradient through a
orous alumina compact was different between H2 gas and other
ases (Ar, N2, CO2) and (2) while the gas permeability coefﬁcient
f H2 gas (for viscous ﬂow and surface diffusion of H2 molecules
dsorbed in the pore walls) increased with decreasing applied pres-
ure, the gas permeability of the other gases (for viscous ﬂow
nd Knudsen ﬂow) increased with increasing applied pressure.
hat is, it is possible to separate H2 gas from the other gases at
oom temperature through porous alumina compacts with pores
f 50–100 nm diameters at a low applied pressure. The following
embranes are reported in the literature for H2 separation: sil-
ca [10], zeolite [11] and carbon [12] membranes which behave as
 molecular sieve, and Pd metal [13] which allows the bulk diffu-
ion of hydrogen species at a high temperature. Compared with the
eported molecular sieves, the fabrication method of the present
orous alumina compacts is easy. In addition, the H2 gas perme-
bility coefﬁcient is comparable for the present alumina compact
nd the reported molecular sieves. The H2 gas separation at room
emperature in the present alumina compact is also an attractive
haracteristic. This paper reports a detailed study of the gas perme-
tion mechanisms of various gases through useful porous alumina
ompacts.
. Experimental procedure
.1. Preparation of porous alumina compacts
Two kinds of -alumina powders with different particle sizes
ere used (AKP-50: speciﬁc surface area 10.21 m2/g, equivalent
article size 150 nm,  Al2O3 purity >99.99 mass%, AKP-30: spe-
iﬁc surface area 6.94 m2/g, equivalent particle size 370 nm,  Al2O3
urity >99.99 mass%; Sumitomo Chemical Co. Ltd., Japan). The
edian size of alumina particles, which was measured by centrifu-
al sedimentation method (CAPA-700; Horiba Ltd., Japan), was  310
nd 420 nm for AKP-50 and AKP-30 powders, respectively. The alu-
ina powders with isoelectric point of pH 8.5 and 6.8 for AKP-50
nd AKP-30 powders, respectively, were dispersed at 30 vol% solid
n aqueous solutions at pH 3.0 and 5.0, and at 15 vol% solid in an
queous solution at pH 10.0. The positively charged alumina par-
icles in the acidic suspensions (zeta potential: 45 mV  at pH 3–5
or AKP-50 powder, 30 and 20 mV  at pH 3 and 5, respectively, for
KP-30 powder) were uniformly dispersed because of the strong
epulsive energy between them. The dispersibility of negatively
harged alumina particles (zeta potential: −30 mV at pH 10 for both
he powders) was lower than that of the positively charged parti-
les owing to the condensation and dehydration between Al(OH)3
ayers formed on the surfaces of Al2O3 particles [14]. After stir-
ing for 24 h, the alumina suspension was consolidated using a
ressure ﬁltration apparatus [15,16] at a constant crosshead speed
f 0.2 mm/min  up to 19 MPa  of applied pressure. The ﬁltrate was
xhausted from the upper side through a three-layered mem-
rane ﬁlter of pore size 0.1 m.  The consolidated powder cake
as dried at 100 ◦C in air for 24 h, and then sintered at 800 ◦C for
 h. The apparent and bulk densities of sintered alumina compacts
ere measured using the Archimedes method with distilled water.
icrostructures of the alumina compacts were observed using a
eld-emission scanning electron microscope (FE-SEM, S-4100H;
itachi High-Technologies Co., Japan) and were analyzed to mea-
ure pore sizes using an image analysis software (LUZUX-F; Nireco
o., Japan).
w
r
h
1Closed porosity (%) 0.8 0.7 0.1
Relative density (%) 62.7 60.1 54.7
Thickness (mm)  3.0 3.1 3.0
.2. Gas permeability measurement
The circumference of sintered alumina disk with 20 mm diam-
ter and 3 mm thickness was  consolidated by phenolic resin to
ttach to a stainless steel holder of 24.5 mm diameter. A rub-
er O-ring was set on the phenolic resin to make a tight seal. Ar
>99.99% purity), N2 (>99.99% purity), CO2 (>99.99% purity) or H2
as (>99.99% purity) was  introduced to an inlet pipe of 10 mm  diam-
ter, equipped to a stainless steel holder. The gas passing through
he pore channels of sintered alumina was  ﬂowed at room tem-
erature into an outlet pipe of 10 mm diameter. The difference of
as pressures at the inlet and outlet pipes was monitored by pres-
ure gauge (MJE-PPX No. 0003-81V; CKD Co., Ltd., Aichi, Japan). The
ux (J) of gas molecules passing through the alumina compact of
ermeation area A m2 and thickness L m is expressed by Eq. (3):
 = Q
At
= ˛P
L
(3)
here Q is the mole of gas molecules transported during t seconds.
he  ˛ value (mol/m·s·Pa) is the permeability coefﬁcient of gas
olecules and P  (Pa) is the difference of gas pressures at the inlet
nd outlet planes of alumina compact.
. Results and discussion
.1. Microstructures of porous alumina compacts
Table 1 summarizes the porosity, relative density and thickness
f sintered alumina compacts. In the alumina compacts of AKP-
0 powder, the open porosity increased with suspension pH and
as 35.1, 41.6 and 44.5% at pH 3, 5 and 10, respectively, while
he relative density decreased at a higher suspension pH. A simi-
ar pH dependence of open porosity and relative density was  also
easured in the alumina compacts of AKP-30 power. Fig. 1 shows
he microstructures of alumina compacts prepared with AKP-50
r AKP-30 powder at pH 3, 5 and 10. Tightly packed particles and
mall pores were observed in the alumina compacts prepared at
H 3 and 5. Distinguishable larger pores were observed in the alu-
ina compacts prepared from the basic suspension at pH 10. The
bove microstructures reﬂect the dispersibility of alumina parti-
les in the aqueous suspensions. Fig. 2 shows the cumulative pore
ize distributions of alumina compacts. The median size became
arger at a higher suspension pH and was  59.5, 79.7 and 100 nm for
he AKP-50 alumina compacts prepared at pH 3, 5 and 10, respec-
ively. On the other hand, the difference of pore size distributions
as small for the AKP-30 alumina compacts, and the median size
as 103, 105 and 113 nm for the alumina suspension pH 3, 5 and 10,
espectively. The diameters of spherical pores coordinated by tetra-
edral 4 and octahedral 6 particles are calculated to be 69.7 and
28 nm for AKP-50 powder, respectively, and 94.4 and 174 nm for
370 H. Shirasaka et al. / Journal of Asian Ceramic Societies 1 (2013) 368–373
F H 3, (b) pH 5 and (c) pH 10, and with AKP-30 powder at (d) pH 3, (e) pH 5 and (f) pH 10.
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was larger for the AKP-30 alumina compacts than for the AKP-50
alumina compacts.ig. 1. Microstructures of alumina compacts prepared with AKP-50 powder at (a) p
KP-30 powder, respectively. That is, the observed pores smaller
han 128 nm for AKP-50 powder and 174 nm for AKP-30 powder
re interpreted to be 1st generation pores formed between pri-
ary particles. The pores larger than the diameters of octahedral
ores (5–30 vol% in Fig. 2(a) and (b)) are assumed to be 2nd gener-
tion pores formed between agglomerated 2nd generation particle
lusters. Fig. 3 shows the dependence of pore size on the relative
ensity of sintered alumina compacts. The pore size decreased at
 higher relative density [17]. This tendency is sensitive to smaller
articles (AKP-50) than larger particles (AKP-30).
.2. Gas permeability of porous alumina compacts
Fig. 4 shows the relationship between the mole ﬂux of per-
eated gas and the pressure gradient across the porous AKP-50
owder compacts. The measured gas permeation is characterized
s follows: (1) the gas ﬂux increases with increasing pressure
radient, (2) the H2 gas ﬂux is relatively large and possesses an
xtrapolated intercept value at 0 MPa/m of pressure gradient, (3)
he gas permeation of N2, Ar and CO2 occurs above a threshold
ressure gradient, which is also observed in the gas permeation of
2, CO2 and O2 in porous SiC compacts [8]. Fig. 5 shows the ﬂux of
as permeated through the porous AKP-30 alumina compacts. The
elationship between gas ﬂux and pressure gradient was similar to
hat for the porous AKP-50 alumina compacts, while the mole ﬂux
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Fig. 2. Pore size distributions of porous alumina compacts.
c
F
fig. 3. Relationship between the median size of pore and relative density of sintered
lumina compacts.Fig. 6 shows the relationship between the gas permeability
oefﬁcient and pressure gradient for the porous AKP-50 alumina
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ompacts. The gas permeability coefﬁcient was determined by Eq.
3) as a slope of J/(P/L). The dependence of permeability coefﬁ-
ient on the pressure gradient showed an opposite trend between
2 gas and other gases. The H2 gas permeability coefﬁcient was
n inverse proportion to the pressure gradient, while the perme-
bility coefﬁcients of other gases increased above the threshold
ressure gradient. Since the gas permeability coefﬁcient is deter-
ined by a slope of J/(P/L), the gas permeability for the ﬂux with
n intercept value (H2 gas) becomes larger at a lower P/L value.
s seen in Figs. 4 and 5, the mole ﬂux of Ar, N2 and CO2 gases
as no intercept value at near 0 MPa/m of pressure gradient and
heir permeability coefﬁcients increase as the P/L value increases
Figs. 6 and 7). The permeability coefﬁcient approached a constant
alue at a higher pressure gradient. Similarly, Fig. 7 shows the
as permeability coefﬁcient of porous AKP-30 alumina compacts.
he relationship between the permeability coefﬁcient and pressure
radient was same as that for the result in Fig. 6.
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.3. Comparison between measured and calculated gas
ermeability coefﬁcients (modiﬁed Poiseuille equation)
Table 2 shows the Knudsen numbers in this study. The range of
nudsen numbers was 0.4–2.6 and indicates the transition ﬂow
egime described in Section 1 [8]. That is, the ﬂow mechanism
ould be dominated by the combined Knudsen and Poiseuille ﬂow.
o clarify each contribution of Knudsen and Poiseuille ﬂow, at ﬁrst,
he gas permeability was  evaluated with the Poiseuille equation.
he mole ﬂux of gas molecules measured above the threshold pres-
ure in Figs. 4 and 5 was approximated by a linear line connecting
ith the origin, except for H2 gas. This linear approximation is in
ccordance with the J–P/L relation for a nearly constant P¯ value in
he modiﬁed Poiseuille equation (Eq. (1)). More accurate compari-
on between measured and calculated gas permeability coefﬁcients
s shown in Fig. 8. The theoretical permeability coefﬁcient for N2,
r and CO2 gases was  calculated by Eq. (4) based on the modiﬁed
oiseuille equation (Eq. (1)).
 = r
2εP¯
8RT
(4)
he meaning of the parameters in Eq. (4) is explained in Eq. (1).
he three dimensional median size of pores (r) was  determined by
ultiplying a two  dimensional median size (Fig. 2) by 1.56. The gas
iscosity () at 290 K was quoted from a database [18]. The calcu-
ated  value by Eq. (4) is presented by a dashed line. The measured
ermeability coefﬁcients for AKP-50 and AKP-30 compacts were
lotted along one straight line for each gas, as predicted by Eq. (4).
he ratio of measured slope to calculated slope in Fig. 8 was small,
nd 2.4, 2.1 and 1.4 for N , Ar and CO gas, respectively, indicating a2 2
iscous ﬂow of the introduced gas in the porous alumina compacts.
Fig. 9 shows the slope and intercept of J − P/L plot for the H2
as permeation. The intercept value (J0) was  obtained by the linear
able 2
ummary of Knudsen numbers at 290 K.
AKP-50 AKP-30
pH 3 pH 5 pH 10 pH 3 pH 5 pH 10
H2 2.2–2.6 1.6–1.9 1.3–1.5 1.2–1.5 1.2–1.5 1.1–1.3
Ar 1.2–1.3 0.9–1.0 0.7–0.8 0.7–0.8 0.7–0.8 0.6–0.7
N2 1.1–1.3 0.9–1.0 0.7–0.8 0.7–0.8 0.7–0.8 0.6–0.7
CO2 0.8 0.6–0.7 0.5 0.4–0.5 0.4–0.5 0.4–0.5
372 H. Shirasaka et al. / Journal of Asian Ceramic Societies 1 (2013) 368–373
2.01.00.0
0.0
1.0
2.0
Pasmol/m10 / 8/ 92 ⋅⋅−ηε RTPr
0.0
1.0
2.0
3.0
0.0
2.0
4.0
AKP
-50
pH10
pH5
pH3
AKP
-30
(c) CO2
(a) N2
(b) Ar
Eq. (4)
Eq.  (4)
Eq.  (4)
P
er
m
ea
b
il
it
y
co
e f
fi
ci
en
t
/ 
1
0
−
9
m
o
l/
m
·s
·P
a
P
er
m
ea
b
il
it
y
co
ef
fi
ci
en
t
/ 
1
0
−
9
m
o
l/
m
·s
·P
a
P
er
m
ea
b
il
it
y
co
ef
fi
ci
en
t
/ 
1
0
−
9
m
o
l/
m
·s
·P
a
F
c
a
d
˛
T
c
l
i
a
s
s
o
ﬂ
H
ﬂ
c
g
f
g
t
F
s
p
16.012.08.04.00.0
0
5
10
N2 ArCO 2
0
5
10
N2 Ar
0
5
10
N2
CO2
Ar
Pressure gradient, ΔP/L / MPa/m
(c) pH 10
(b) pH 5
(a) pH  3
α
(H
2
)/
α
(o
th
er
 g
as
)
ra
ti
o
α
(H
2
)/
α
(o
th
er
 g
as
)
ra
ti
o
α
(H
2
)/
α
(o
th
er
 g
as
)
ra
ti
o
Fig. 10. Ratio of permeability coefﬁcients between H2 gas and N2, Ar or CO2 gas for
A
(
s
a
a
b
a
t
w
p
a
l
t
gig. 8. Comparison between the measured and calculated (Eq. (4)) gas permeability
oefﬁcients for N2, Ar and CO2 gases.
pproximation of J − P/L plot in Figs. 4 and 5. The slope (˛′) was
etermined by Eq. (5).
′ = J − J0
P/L
(5)
hese values were plotted against the theoretical permeability
oefﬁcient by Eq. (4). The ˛′ values were very close to the calcu-
ated permeability coefﬁcients, suggesting a viscous ﬂow of H2 gas
n the alumina compacts. The J0 value showed a maximum value
t 1.5 × 10−9 mol/m s Pa of calculated permeability. The J0 value
hows a ﬂux of H2 gas, which is not sensitive to the applied pres-
ure. One of the ﬂow mechanisms dominating the transportation
f H2 gas around 0 MPa  of applied pressure may  be the surface
ow of adsorbed H2 gas. The concentration gradient of adsorbed
2 molecules in the alumina compact is the driving force of the H2
ux. That is, the experimentally measured H2 ﬂux in Figs. 4 and 5
onsists of two transportation mechanisms of viscous ﬂow of H2
as molecules and surface diffusion of adsorbed H2 molecules. The
raction of viscous ﬂow transportation against the total ﬂux of H2
as increases with increasing applied pressure. The difference of
ransportation mechanisms between H2 gas and the other gases
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ig. 9. Comparisons of (a) slope and (b) intercept value of J (ﬂux) − P/L (pres-
ure gradient) plot with r2εP¯/8RT value (modiﬁed Poiseuille equation) for H2 gas
ermeation.
F
AKP-50 alumina compacts as a function of pressure gradient.
N2, Ar, CO2) can be applied to the gas separation of mixed gases. As
een in Figs. 6 and 7, the permeability coefﬁcient of H2 gas increases
t a low applied pressure but the other gases are not transported
t a low applied pressure.
Figs. 10 and 11 show the ratio of permeability coefﬁcients
etween H2 and N2, Ar or CO2 gas for the AKP-50 and AKP-30
lumina compacts, respectively. The results were obtained from
he data of Figs. 6 and 7. The ratio of gas permeability coefﬁcients
as larger than unity and increased drastically with decreasing
ressure gradient. This tendency indicates that H2 gas can be sep-
rated from the other gases in the porous alumina compacts in the
ow pressure gradient region. In the pressure range lower than the
hreshold pressure for N2, Ar and CO2 gases, the selectivity of H2
as became signiﬁcantly increases.0
5
10
16.012.08.04.00.0
N2 ArCO2
0
5
10
N2 ArCO 2
0
5
10
N2Ar
CO2
Pressure gradient, ΔP/L / MPa/m
(c) pH 10
(b) pH  5
(a) pH  3
α
(H
2
)/
α
(o
th
er
 g
as
)
ra
ti
o
α
(H
2
)/
α
(o
th
er
 g
as
)
ra
ti
o
α
(H
2
)/
α
(o
th
er
 g
as
)
ra
ti
o
ig. 11. Ratio of permeability coefﬁcients between H2 gas and N2, Ar or CO2 gas for
KP-30 alumina compacts as a function of pressure gradient.
H. Shirasaka et al. / Journal of Asian Cer
6.04.02.00.0
0
2
4
0
2
4
0
2
4
6
Pasmol/m10  / 3/  2 9 ⋅⋅−RTcrε
AKP
-50
pH10
pH5
pH3
AKP
-30
P
er
m
ea
b
il
it
y
co
ef
fi
ci
en
t
/ 
1
0
−
9
m
o
l/
m
·s
·P
a
P
er
m
ea
b
il
it
y
co
ef
fi
ci
en
t
/ 
1
0
−
9
m
o
l/
m
·s
·P
a
P
er
m
ea
b
il
it
y
co
ef
fi
ci
en
t
/ 
1
0
−
9
m
o
l/
m
·s
·P
a
Eq.  (6)
Eq. (6)
Eq.  (6)(c) CO2
(a) N2
(b) Ar
Fig. 12. Comparison between the measured and calculated (Eq. (6)) gas permeabil-
ity  coefﬁcients for N2, Ar and CO2 gases.
Pasmol/m10  / 3/  2 9 ⋅⋅−RTcrε
0 5 10 15 20
0
4
8
12
0
5
10
15
20
In
te
rc
ep
t 
v
al
u
e 
o
f 
J-
Δ
P/
L
p
lo
t,
 J
0
/ 
1
0
−
3
m
o
l/
s·
m
2
S
lo
p
e 
v
al
u
e 
o
f
J-
∆
P/
L
p
lo
t,
 α
' 
/ 
1
0
−
9
m
o
l/
m
·s
·P
a
AKP
-50
pH10
pH5
pH3
AKP
-30
(a)
(b)
Eq.  (6)
F
g
3
p
m
˛
F
C
E
a
t
t
N
S
p
ﬁ
a
c
c
t
ﬂ
i
t
t
t
4
i
v
ﬁ
p
w
w
i
H
ﬂ
w
m
a
P
m
o
t
e
s
a
c
m
s
i
f
R
[
[
[
[
[
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.4. Comparison between measured and calculated gas
ermeability coefﬁcients (Knudsen ﬂow)
The permeability coefﬁcient for the Knudsen ﬂow in porous
edia is expressed by Eq. (6) [7,8].
k =
2εrc¯
3RT
(6)
ig. 12 shows the measured permeability coefﬁcients of N2, Ar and
O2 gases as a function of permeability coefﬁcient calculated by
q. (6) at 290 K. The measured permeability coefﬁcients showed
 linear relation with the calculated values, and the magnitude of
he measured permeability coefﬁcient was 0.43–0.49 times smaller
han the calculated value. This result supports the Knudsen ﬂow of
2, Ar and CO2 gases in addition to the viscous ﬂow as discussed in
ection 3.3. Fig. 13 shows the slope and intercept values of J − P/L
lot of H2 gas as a function of the calculated permeability coef-
cient for the Knudsen ﬂow. Although the slope value of H2 gas
lso increased in proportion to the calculated permeability coefﬁ-
ient, the magnitude of slope value was 0.15 times smaller than the
[
[
[amic Societies 1 (2013) 368–373 373
alculated value. The intercept value in Fig. 13(b) is not sensi-
ive to the calculated permeability coefﬁcient for the Knudsen
ow. The deviation between measured and calculated permeabil-
ty coefﬁcients is signiﬁcantly larger for the Knudsen ﬂow than for
he viscous ﬂow (Fig. 9). The above result indicates the high con-
ribution of viscous ﬂow and surface diffusion of H2 molecules for
he permeation of H2 gas.
. Conclusions
The gas permeability of H2, N2, Ar and CO2 gases was exam-
ned with porous alumina compacts. The alumina compacts with
arious open porosities and pore sizes were formed by pressure
ltration of alumina suspensions with different particle sizes, sus-
ension pH and solid content. The ﬂux of N2, Ar and CO2 gases
ith Knudsen numbers of 0.4–1.3 through the alumina compacts
as measured above a threshold applied pressure and then linearly
ncreased with an increase in the applied pressure. However, the
2 gas with Knudsen numbers of 1.1–2.6 showed a relatively large
ux at near 0 MPa/m of pressure gradient and increased linearly
ith an increase in the pressure gradient. The measured gas per-
eability coefﬁcients for Ar, N2 and CO2 gases were the same order
s the calculated permeability coefﬁcients based on the modiﬁed
oiseuille equation and Knudsen ﬂow, suggesting the mixed per-
eation mechanisms of viscous ﬂow and Knudsen ﬂow. The slope
f ﬂux–pressure gradient plot for H2 gas permeation was close to
he calculated permeability coefﬁcients by the modiﬁed Poiseuille
quation. The ﬂux of H2 molecules extrapolated to 0 MPa/m of pres-
ure gradient may  be related to the transportation of H2 molecules
dsorbed on the pore walls by surface diffusion. That is, the H2 ﬂux
onsists of two transportation mechanisms of a viscous ﬂow of gas
olecules and surface diffusion of adsorbed H2 molecules. It is pos-
ible to separate H2 gas from the other gases at room temperature
n the pressure gradient range lower than the threshold pressure
or N2, Ar or CO2 gas.
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